Abstract: This paper presents the first aerial mapping of Olduvai Gorge (Tanzania) using 19
Introduction 38
The potential of aerial imagery to locate, map and monitor paleontological and 39 paleoanthropological resources has long been recognized (e.g. Remondino and motion imaging, which are the basis for the production of spatially geo-referenced 3D 51 models, site mapping, analysis of site distribution patterns, determination of stratigraphic and 52 geomorphological contexts, and recognition of sedimentary outcrops. 53
This study contributes to these initiatives by introducing an aerial imagery model for Olduvai 54
Gorge (Tanzania), based on spatial datasets produced by UAVs and processed with 55 photogrammetry techniques. Olduvai Gorge (Figure 1) , a world renowned archaeological site, is 56 exceptionally important for early human evolutionary research. It has a continuous history of 57 investigation spanning over a century, during which comprehensive research has been 58 undertaken on the paleoanthropology (e.g. L. Leakey et al, 1964 ; L. Leakey 1951 Leakey , 1965 ; M. 59 Leakey, 1971 ; M. Leakey and Roe, 1994) and geology (Hay, 1976) size from under 500 MB to over 8.5 GB, average at 2.7 GB and have a total size of 81.4 GB. The 138 large size of data files processed was a challenge in itself; it required a dedicated high power 139 workstation, and on average 14 hours of processing time per tile. In order to georeference the 140 photogrammetric models, we used non-invasive ground control points as described above, and 141 also control points recorded from standing structures (e.g. buildings, concrete beacons) present 142 throughout the Gorge. The final model showed errors from ca 0.5 to 1 m in longitude and 143 latitude and up to 1.5 m in altitude, with a mean re-projection error of >0.5 pixel, and was 144 overlapped onto a 60 cm resolution model provided by the DigitalGlobe Foundation. 145
In addition to orthomosaics, structure from motion processing produced point clouds used to 146 calculate Digital Surface Models (DSM However, due to the substantial irregularity of the terrain at Olduvai Gorge, filtering had to be 157 applied cautiously to avoid smoothing of actual topographic features, and therefore a number 158 of vegetation and man-made structure cells were still present after the filter process. The bare 159 earth model was subsequently imported into ArcGIS and a vector stencil created, which was 160 used for clipping the model before importing it back into SAGA GIS for the interpolation stage. 161
Insert here Table 2  162   163 Filtering of DEMs from photogrammetric data was a major methodological challenge due to the 164 large extent of the area surveyed, terrain roughness and vegetation density. Despite these 165 issues, a comparison of six samples from varying terrain and vegetation densities (Figure 3 , Table  166 2) shows that the denoising process established here was effective; changes in mean elevation 167 are minimal while remaining higher in dense vegetation areas, which can be attributed to 168 removal of peaks created by vegetation. 
Digital Surface Model and Digital Elevation Model 219
Automatization of the structure from motion workflow resulted in the generation of DSMs with 220 the same error and precision as the orthomosaic described above. DSMs were filtered to obtain 221 DEMs that could be applied to visual inspection and quantitative morphometrics of the Gorge. 222
The process involved use of a highly customized DEM filter (see above), with calculations based 223 on changes in slope ( Figure 6A ). Due to the processing requirements of substantially large 224 datasets (the average size of a single DSM was 1.1 GB), DSMs ( Figure 6B ) were reduced to 20% 225 of their original size. This resulted in a cell size of ca. 17.5 cm on the ground, although the original 226 datasets (based on terrain models of ca. 5 cm cell size) can be used for detailed analysis at any 227 time. The resulting DEM of the entire area photographed is shown in Figure 6C . Figure 8 ) show similar differences in ratios between the GDEM 254 and UAV results, with disparities between the two models averaging 34% ( where there is an inflexion from a NW-SE to an E-W direction, just downstream from the small 301 graben mapped by Hay (1976) . To the east of this area, relatively constant low width values are 302
shown as far as the FC-MNK outcrops: here, the highest values for the width of the Gorge are 303 in the area affected by the FLK fault, just before the confluence with the Main Gorge. 304
Morphometric variables also reveal different topographic patterns according to tectonic areas 305 of the Main Gorge, which we defined in Figure 12 using the main faults described by Hay (1976 In summary, our workflow for the production of DEMs from large, high-resolution structure from 365 motion surface models, provides a useful framework for application in similarly irregular 366 terrains, where standard denoising algorithms and filters are not sufficient or suitable to achieve 367 an accurate recording of topographic features. Furthermore, our DEM and high-resolution 368 imagery provide a powerful tool to accurately position the location of hominin and 369 archaeological discoveries at Olduvai, and map new paleoanthropological resources, thus 370 enabling a detailed regional spatial analysis of archaeological data. In addition, hydrological and 371 slope models derived from the DEM can assist in calculating soil erosion models (e.g. RUSLE). As 372 one of the most important paleoanthropological sites in the World and home to numerous iconic 373 hominin fossils (Tobias, 1967 (Tobias, , 1991 , many discovered on the surface of eroded outcrops 374 (Leakey, 1978; Day, 1977) , the study of erosional processes at Olduvai Gorge, as shown by the 375 test results discussed in this paper show, is essential in initiating a monitoring conservation 376 programme of the site and may also be used to predict and estimate the loss of fossils to date. 377
In summary, this study (one of the first to apply UAV methods to paleoanthropological localities, 378 and apply such techniques to large geographic areas of archaeological interest), shows the 379 potential of high-resolution aerial photogrammetry for cartographic, geological and spatial 380 analysis surveys in archaeology, and opens new avenues for remote sensing GIS studies in 381 human evolutionary research. 382 383
